To identify molecules that function in the plant secretory pathway, we screened for Arabidopsis thaliana cDNA clones that complement the temperature-sensitive (ts), secretion-deficient seclS mutation of yeast Saccharomyces cerevisiae. RMA1, one of the genes obtained in this screening, suppressed not only the ts growth of sec 15 but also its secretory defect. RMA1 is not a structural homologue of SEC15 but encodes a novel 28 kDa protein with a RING finger motif and a C-terminal membraneanchoring domain. Mutational analysis indicates that the RING finger motif of RMA1 is important for its suppression activity. In Arabidopsis plant, RMA1 is ubiquitously expressed. A search for homologous proteins in the database revealed that Arabidopsis, nematode, mouse and human possess close homologues of RMA1.
Secretion constitutes a major mechanism for the biogenesis of cell surface in all eukaryotic organisms. A variety of newly synthesized proteins are exported from the endoplasmic reticulum (ER) to the plasma membrane via the Golgi apparatus by vesicular transport. Extensive genetic and biochemical studies have revealed that a great number of gene products are required as components of the secretory machinery and that their structures and functions are very well conserved from yeast to mammalian cells (for reviews, see Bennett and Scheller 1993, Ferro-Novick and Jahn 1994) . However, only a little information is available at present on the secretory mechanisms in plants.
Because plant cells cannot migrate in general, the directions of cell division and elongation are critical parameters to determine the shape of tissues and organs in plants. The secretory pathway is essential for the biogenesis of cell surface and cell plates and thus must be very important for Abbreviations: BCP, bromocresol-purple; BSA, bovine serum albumin; HA, influenza hemagglutinin epitope; MC, Wickerham's minimum medium plus 0.5% casamino acids.
The complete nucleotide sequence of RMA1 and its deduced amino acid sequence in this paper have been submitted to DDBJ, EMBL and GenBank under accession number AB0O8518. plant morphogenesis. Evidence to support this idea has been recently provided by a genetic approach in Arabidopsis thaliana. Two A. thaliana genes, GNOM (EMB30) and KNOLLE, whose mutations had been known to cause aberrant pattern formation early in the embryogenesis (Mayor et al. 1991 (Mayor et al. , 1993 , turned out to encode homologues of Gealp/Gea2p and syntaxin, respectively (Shevell et al. 1994 , Lukowitz et al. 1996 , Busch et al. 1996 . Gealp is a yeast protein functioning as a guanine-nucleotide exchange factor for Arflp, a small GTPase required for vesicular traffic (Peyroche et al. 1996) . Syntaxin is a synaptic membrane protein, which is essential for neurotransmitter release in neuron cells. Cognates of syntaxin, a well conserved family of proteins which are now collectively called t-SNAREs, are essential for specific recognition between vesicles and target membranes and thus for membrane fusion (for reviews, see Rothman 1994, Hay and Scheller 1997) . Expression pattern of KNOLLE and electron micrographs of the knolle mutant suggest that Knolle is a cellplate-specific t-SNARE (Lukowitz et al. 1996) . Despite these intriguing examples, however, the roles of secretion in plants remain largely unknown.
To obtain tools to approach many problems in the plant secretory pathway, we decided to screen for plant genes that complement the defects of yeast secretory mutants. Such a functional screening has been successful in isolating plant counterparts of SEC12, SARI, PEP12 and VAM3 from A. thaliana (d'Enfert et al. 1992 , Bassham et al. 1995 , Sato et al. 1997 .
Using an A. thaliana cDNA library under control of the yeast GAL1 promoter, we isolated several clones that complemented the seel5 mutation. SEC 15 is one of the late-acting SEC genes, which are involved in the transport from the Golgi apparatus to the plasma membrane in yeast. SEC15 encodes a subunit of "exocyst", a large multiprotein complex required for exocytosis Novick 1989, TerBush et al. 1996) . The temperature-sensitive seclS mutation is suppressed by the increase of gene dosages of other late SEC genes, such as SEC1, SEC4, SSO1 and SSO2 Novick 1989, Aalto et al. 1993) . In this paper, we report the characterization of one A. thaliana gene whose cDNA complements seel5. This gene, named RMA1, is not homologous to SEC15 and is thus regarded as an Arabidopsis suppressor of the yeast sec 15 mutation. RMA1 encodes a novel membrane protein with a special type of zinc finger motif called "RING finger".
Materials and Methods
Materials and culture conditions-Yeast Saccharomyces cerevisiae strains used in this study are ANS15-5B (MA Ta secl5-l ura3 Ieu2 trpl his; Nakano and Muramatsu 1989), ANY21 (MATa ura3 Ieu2 trpl his3 his4 suc2 gal2; Nakano and Muramatsu 1989) , and YPH499 (MA Ta ura3 Ieu2 his3 trpl ade2 Iys2; Sikorski and Hieter 1989) . Yeast cells were grown in YPD medium [1% (w/v) Bacto yeast extract (Difco Laboratories), 2% (w/v) polypeptone (Nihon Seiyaku) and 2% (w/v) glucose] or in MCD [0.67% yeast nitrogen base without amino acids (Difco), 0.5% casamino acids (Difco) and 2% glucose] medium supplemented appropriately. YPGS and MCGS media are YPD and MCD media containing 5% galactose and 0.2% sucrose instead of 2% glucose, respectively. BCP/sucrose plate contained 0.003% bromocresol-purple, 0.67% yeast nitrogen base without amino acids, 0.5% casamino acids, 5% galactose, and 2% sucrose. A. thaliana (Columbia ecotype) was grown on 0.46% Murashige-Skoog modified medium (Wako) containing 2% sucrose, 0.3% thiamine-HCl, and 0.1% vitamin stock solution (0.3% thiamine-HCl, 0.5% nicotinic acid and 0.05% pyridoxine-HCl), whose pH was adjusted to 6.3 by KOH solution.
Screening for cDNA clones that complement the secl5 mutation-A. thaliana cDNA library to be expressed in yeast was constructed as reported previously (Ueda et al. 1996 ). An S. cerevisiae strain carrying the seel5-1 mutation (ANS15-5B) was transformed with this cDNA library by a lithium thiocyanate method (Keszenman-Pereyra and Hieda 1988). The transformants (ca. 10 5 ) were cultured at 23°C for 2 d on the MCGS medium and further incubated at 37°C for 5 d. Colonies of temperature-resistant cells were picked up and subjected to the isolation of the cDNAlibrary-derived plasmid. The plasmid dependency of the temperature-resistant phenotype was examined by retransformation of the seclS cells. The DNA sequence of the obtained clones was determined by the dideoxy chain termination method (Sanger et al. 1977 ) using a DNA sequencer (Model 373A; Applied Biosystems). Homology search was performed on the NCBI BLAST server at both nucleotide and amino acid levels.
Subcellular fractionation-For the subcellular localization analysis of the Rmal protein in yeast, an epitope-tagged version of RMA1 was constructed. To insert the influenza virus hemagglutinin (HA) epitope at the N-terminus, an Nhel site was created just after the initiation codon of RMA1 by PCR with primers: 5'-GACCACTGATGGCCGCTAGCTTAGATCAATCTTTTG-3' and 5'-CAAAAGATTGATCTAAGCTAGCGGCCATCAGTGG-TC-3'. The DNA cassette encoding three tandem repeats of the HA epitope was excised from pYTl 1 by Nhel digestion (Takita et al. 1995) , and inserted into the Nhel site of the above construction. The expression of 3HA-RMA1 was confirmed by immunoblotting with the monoclonal anti-HA antibody 16B12 (Berkeley Antibody).
Fractionation was performed by the method of Sato et al. (1995) . The seclS cells (ANS15-5B) harboring 3HA-RMA1 or vector alone were grown to 1 x 10 7 cells ml" 1 in MCGS medium. Cells (1 x 10 10 ) were harvested, spheroplasted, resuspended in 10 ml of ice-chilled lysis buffer (Sato et al. 1995) , and homogenized with a Dounce homogenizer. The homogenates were centrifuged to generate low speed (13,000x g ) pellet (P13), high-speed (100,000xg) pellet (PI00) and high-speed supernatant (SI00). These fractions were analyzed by immunoblotting with anti-Secl2p, anti-Kex2p, anti-Pgklp, and anti-HA antibodies.
Site-directed mutagenesis in the RING finger motif of15c-10 -The C63S point mutation of RMA1 was created by PCR with primers: 5'-GTAATACGACTCACTATAGGGAATATTAAGC-3' and 5'-GCCAGCAAAAGAGGTGACCAGAGAGAGTCAC-3'. The 360-bp Kpnl-BspEll fragment of the PCR product was used to replace the corresponding region of RMA1 to yield the RMAl ciis mutant allele. 3HA-RMAl cas was constructed by the same way as described above.
Southern blot analysis-Genomic DNA prepared from A. thaliana was digested with appropriate restriction enzymes, electrophoresed in a 0.7% agarose gel, and transferred to a nylon membrane filter (Hybond-N + , Amersham) by the alkali method according to the manufacture's instructions. As a probe, the RMA1 cDNA was digested with Kpnl and Nhel to remove poly (A) and labeled with 32 P using random primers. The filter was hybridized with this probe in a solution containing 6 x SSPE (1 x SSPE is 0.18 M NaCl, 0.01 M sodium phosphate, and 1 mM Na 2 EDTA, pH 7.7), 5 x Denhardt's solution (1 x Denhardt's solution is 0.02% Ficoll, 0.02% polyvinylpyrrolidone, and 0.02% BSA), 0.5% SDS, and 20 n% ml" 1 of salmon sperm DNA at 65°C for 16 h. The filter was washed twice with 2 x SSPE and 0.1% SDS for 5 min each at room temperature and twice for 30 min each at 65°C, and autoradiographed. An imaging plate scanner BAS1000 (Fuji Film) was used for visualization.
Northern blot analysis-Total RNA was isolated from Arabidopsis suspension-cultured cells (kindly provided by M. Umeda of the University of Tokyo), roots, cotyledons, seedlings, rosettes, stems, young siliques, and floral buds of A. thaliana by the phenol-SDS method (Palmiter 1974) . After electrophoresis of 10 H% RNA per lane in a 1.2% formaldehyde-agarose gel, RNA was transferred to a Hybond-N + membrane. The filter was hybridized with the same probe as above in a solution containing 50% formamide, 6 x SSPE, 5 x Denhardt's solution, 0.5% SDS, and 20 fig, ml" 1 of salmon sperm DNA at 42°C for 16 h. The filter was washed twice with 2 x SSPE and 0.1% SDS for 5 min each at room temperature and twice for 30 min each at 65°C, and autoradiographed using BAS1000.
Results
An A. thaliana cDNA clone that complements the secretory defect of the yeast secl5-l mutation-A cDNA library, constructed from young seedlings of A. thaliana as described previously (Ueda et al. 1996) , was used for the screening of genes that complement yeast sec mutants harboring a defect in the late step of the secretory pathway. Arabidopsis cDNAs were inserted downstream of the yeast regulatable GAL1 promoter, which is derived from the yeast galactokinase gene and drives high expression in the presence of galactose in the medium (Oshima 1982) . Yeast cells carrying a temperature-sensitive mutation in late-acting SEC genes (SEC1, SEC4, SEC7, SEC8, SEC10, and SEC15) were transformed with this cDNA library. We screened approximately 10 5 clones of cDNA library for complementation of each sec mutant on galactose at restrictive temperatures. The candidate cDNA clones were recovered from the growing transformants and reintroduced into the original mutant cells. We were able to obtain clones that reproducibly confer growth at the restrictive temperature (37°C) only for the secl5-l strain (ANSIS-SB). Among about 30 clones obtained in this second screen, one clone (15c-10) showed a partial but clear complementation activity reproducibly ( Fig. 1A ) and was subjected to further analysis. Clone 15c-10 did not complement secl-1, sec2-56, sec4-2, sec5-24, sec6-4, sec7-l, sec8-6, sec9-4, sec 10-2, or secl4-3. To examine whether 15c-10 complements not only the temperature-sensitive growth defect but also the secretory defect of the secl5 mutation, secretion of invertase (encoded by SUC2) was analyzed. The extracellular invertase activity can be detected by the change of color on a bromocresolpurple (BCP)/sucrose plate. As shown in Fig. IB , the invertase-secreting YPH499 cells (SUC2 SEC 15) changed the color of the BCP/sucrose plate from purple to yellow (the color change is seen as lightening in the figure), but the suc2~ ANY21 cells (suc2 SEC15) did not. When the ANS15-5B cells with vector alone {SUC2 seel5-1) were incubated at 37°C, the plate remained purple because invertase was not secreted due to the seclS mutation. In contrast, when the ANS15-5B cells (SUC2 secl5-l) harboring the 15c-10 clone were streaked, the color of the plate turned yellow. This result indicates that 15c-10 in fact restores the secretory activity and consequently complements the temperature-sensitive growth defect of the secl5 mutation.
15c-10 (RMA1) encodes a novel membrane protein with a RING finger motif-
The complete nucleotide sequence of 15c-10 (1,032 bp) was determined. 15c-10 shows no sequence similarity to SEC15, meaning that it is a suppressor of the seclS mutation. The longest ORF of 15c-10 encodes a novel protein of 249 amino acid residues with a calculated molecular mass of 28.0 kDa ( Fig. 2A ). This ORF is probably full length because it is flanked by an in-frame opal stop codon (UGA) in the 5-untranslated region at the position of -9 to -7. The amino acid sequence deduced from this ORF of 15c-10 unveils a special type of zinc finger motif called "RING finger" in its N-terminal half. The typical RING finger motif is comprised of seven cysteine residues and one histidine residue which coordinate two Zn 2+ ions (for a review, see Saurin et al. 1996) . The motif in 15c-10 completely matches this consensus. Hydropathy analysis by the method of Kyte and Doolittle (1982) revealed that 15c-10 has a highly hydrophobic carboxyl-terminal region of 16 amino acid residues, which is enough to span the membrane (Fig. 2B ). There is no typical signal sequence for membrane translocation at the N-terminus. Taken together, 15c-10 was predicted to encode a membrane protein, which is mostly facing the cytoplasm and anchored in a membrane with the C-terminal tail, and was thus designated RMA1 for .Ring finger protein with Membrane /Inchor.
To examine the subcellular localization of the RMA1 gene product (Rmalp) in yeast, a 3HA-tagged version of RMA1 was constructed. The HA epitope is composed of A. 15c-10 complements the growth defect of the seclS mutation. Wild type cells (YPH499), the secl5 cells (ANS15-5B) transformed with 15c-10, and the secJ5 cells with vector alone were streaked on plates containing glucose (Glc; MCD) or galactose (Gal; MCGS) and incubated at 37°C for 4d. B. 15c-10 remedies secretory defect of the secl5 mutation. Cells were streaked on a BCP/sucrose plate (containing galactose) and incubated at 37°C for 30 h. Used strains were YPH499 (SUC2 SEC15), ANY21 (suc2 SEC15), and ANSIS-SB (SUC2 seel5) with 15c-10 or vector alone.
nine amino acid residues from human influenza hemagglutinin (Wilson et al. 1984) . This 3HA-RMA1 could fully suppress the sec 15 mutation (data not shown). Immunoblotting with a monoclonal anti-HA antibody (16B12) detected a single band of 35 kDa only when 3HA-RMA1 is in- duced by galactose. The size of this band is consistent with the predicted molecular mass of 3HA-tagged Rmalp (32 kDa). The seel5 cells harboring 3HA-RMA1 were spheroplasted, homogenized, and subjected to differential centrifugation to yield low-speed (13,000 xg) pellet (P13), high-speed (100,000 xg) pellet (P100), and high-speed (100,000 xg) supernatant (S100) fractions. Generally, the membranes of ER/nuclear envelope, vacuoles, mitochondria and the plasma membrane are primarily recovered in the PI3 fraction, whereas the Golgi membrane and transport vesicles are mainly collected in the PI00 fraction (Marcusson et al. 1994 , Sato et al. 1995 , Rieder and Emr 1997 . These fractions were analyzed by immunoblotting with several antibodies. Secl2p (Nakano et al. 1988 ) and Kex2p (Fuller et al. 1989) were used as membrane markers of the ER and the late compartment of the Golgi apparatus, respectively. Pgklp, 3-phosphoglycerate kinase (Hitzeman et al. 1982) , was used as a cytosolic marker. As shown in ThesecJ5 cells with 3HA-RMA1 or vector alone were spheroplasted, homogenized, and subjected to differential centrifugation to separate P13, P100, and S100 fractions. The obtained fractions equivalent to 2x 10 7 cells were analyzed by immunoblotting with anti-Sec 12p (ER marker), anti-Kex2p (Golgi marker), anti-Pgklp (cytosol marker), and anti-HA antibodies. fractions but not in SI00 at all. By indirect immunofluorescence microscopy, the anti-HA antibody stained punctate structures near nuclei, which did not look like the typical patterns of ER, Golgi or secretory vesicles (data not shown). These observations indicate that the product of RMAl is in fact a membrane protein and is localized to some intracellular membrane structures in yeast cells.
RMAl homologues are found in plant and animal kingdoms-Homologues of RMAl were searched in the database using the NCBI BLAST server. We first realized that Rmalp shows limited but significant similarity to some yeast proteins involved in protein transport, Pep5p, PexlOp, and Vpsl8p (Fig. 4A) finger motif and the sequences conserved are confined in this region. Pep5p and Vpsl8p are involved in vesicular transport from the Golgi apparatus to the vacuole in yeast S.cerevisiae (Woolford et al. 1990 , Robinson et al. 1991 , Preston et al. 1991 . PexlOp is essential for translocation of peroxisomal proteins in yeast Pichia pastoris (Kalish et al. 1995 , Distel et al. 1996 
RING finger motif of RMA1 is essential for its suppression activity-
The RING finger motifs of Vps8p and Vpsl8p have been reported to be essential for their functions (Robinson et al. 1991 , Horazdovsky et al. 1996 . To test whether it is also true for Rmalp, we changed the conserved third cysteine of the RING finger motif (C63) to serine by site-directed mutagenesiss (Fig. 5A ). Serine at this position has been shown to reduce zinc binding activity in vitro (Kalish et al. 1995) . The constructed mutant allele, 
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RMA1 C63S
, was introduced into the seel5 mutant cells and tested for the suppression activity. As shown in Fig. 5B , the wild type RMA1 clearly suppressed the secl5 mutation, but the mutant RMAl C6iS did not. No toxic effect was observed when the transformant with RMA1 C61S was incubated at 23°C (data not shown). To rule out the possibility that the inability of Rmalp C63S to suppress seel5 was due to its low expression, we constructed a 3HA-tagged version of RMA1 C63S and introduced it into the seclS mutant cells. Immunoblotting showed that the 3HA-tagged Rmalp C63S was almost equally expressed as the 3HA-tagged wild-type Rmalp (Fig. 5C ), but again unable to suppress secl5 (not shown). From these results, we concluded that the RING finger motif of RMA1 was essential for its suppression activity toward seclS.
Southern and Northern blot analyses of RMA1-Genomic DNA was prepared from A. thaliana, digested with EcoRl, BamHl, Hindlll or Xho\, separated in an agarose gel and hybridized with the full-length cDNA of RMA1. This probe contains one restriction site each for EcoRl and BamHl but none for Hindlll and Xhol. As shown in Fig. 6 , single bands were observed in the lanes of Hindlll and Xhol, and two bands were seen in the lanes of EcoRl and BamHl. This result indicates that RMA1 exists at a single locus in the Arabidopsis genome.
RMA1
18S
-3.4 kb 1.8 kb Fig. 7 Expression of RMA1. Total RNA (10 fi%) extracted from various tissues of A. thaliana was subjected to Northern blot analysis. The full-length RMA1 cDNA fragment without the poly (A)-tail was used as a probe. The blot of 18S Ribosomal RNA is also shown as a positive control.
The expression of RMA1 in various organs of Arabidopsis plant was examined by Northern blot analysis. Total RNA was prepared from suspension-cultured cells, roots, cotyledons, seedlings, rosettes, stems, young siliques, and floral buds of A. thaliana, separated in an agarose gel and was hybridized with the RMA1 cDNA probe (Fig. 7) . A single band of 1.4 kb, which corresponds to the RMA1 transcript, was observed in every lane. The expression level was low but detectable in the all examined organs of Arabidopsis plant and higher in suspension-cultured cells.
Discussion
For the purpose of obtaining molecular tools to exploit the roles of protein secretion in plants, we screened an A. thaliana cDNA library for clones that complement yeast sec mutants. RMA1, the cDNA clone we isolated as the one complementing seel5, restores not only the temperaturesensitive growth but also the secretion defect of the seclS mutant cells.
The DNA sequence of RMA1 reveals that it encodes a novel protein of 249 amino acid residues containing a RING finger motif and a C-terminal membrane anchor. It is not similar to the yeast SEC15 gene at all and has no homologous counterpart in the yeast genome. Thus, the expression of RMA1 in yeast appears to have suppressed secl5 fortuitously. However, we would propose that RMA1 plays some important role in A. thaliana perhaps in the secretory pathway for the reasons we will discuss hereafter.
Connection between RMA1 and SEC 15-Yeast SEC 15 is a gene encoding a subunit of "exocyst," a large cytosolic protein complex required for exocytosis. This complex contains Sec3p, Sec5p, Sec6p, Sec8p, SeclOp and Exo70p in addition to Secl5p (TerBush et al. 1996) . Strong genetic interactions have been reported among these genes. For example, the combination of sec3, sec5, sec8 or seclO with sec 15 leads to synthetic lethality. Such genetic relationships with SEC15 can be also seen with SEC2, SEC4, SSO1 and SSO2. SEC4 encodes a small GTPase of the Rab/Ypt family, a key molecule of the recognition between secretory vesicles and the plasma membrane (Salminen and Novick 1987) . The elevation of the gene dosage of SEC4 can suppress the ts defect of seclS and the sec4 and seclS double mutant is lethal. The product of SEC2 is a protein catalyzing guanine nucleotide exchange of Sec4p (Walch-Solimena et al. 1997) . sec2 is also synthetically lethal with seclS. SSO1 and SSO2 code for t-SNAREs on the plasma membrane, whose overproduction suppresses seel5 (Aalto et al. 1993) . The intimate genetic interactions among these molecules indicate that they cooperate in the correct targeting and fusion of secretory vesicles with the plasma membrane and that their functions can be modulated by complex mutual interactions.
The RING finger motif was first discovered in a transcription factor and has been claimed to represent a class of common motifs found in many DNA binding proteins (Freemont et al. 1991) . However, it is unlikely that Rmalp itself functions as a transcription factor for the following two reasons. First, Rmalp does not have any typical DNA binding motif as the RING-finger-containing transcription factors do. Second, Rmalp has a stretch of hydrophobic amino acid residues at the C-terminus, which is predicted to act as a membrane anchor. Rmalp is in fact associated with membranes when expressed in yeast cells. Although there is an example that a membrane protein can play a role as a transcription factor after proteolytic processing and translocation into the nucleus (Wang et al. 1994 ), we could not detect any soluble derivatives of Rmalp in yeast cells.
Another important feature of the RING finger motif is that it is found in the proteins that interact with small GTPases. For example, Vps8p, a yeast protein with the RING finger motif involved in vacuolar protein sorting, has been shown to function together with a small GTPase, Vps21p (Horazdovsky et al. 1996) . Ardlp, a mammalian protein containing the RING-finger and Arf (small GTPase)-like domains, has been reported to display an interaction between the two domains within the molecule (Vitale et al. 1997) . If more general zinc-finger motifs are included, there are many examples of the connection to small GTPases, such as Raf-Ras and Rabphilin-Rab3 interactions (Hu et al. 1995 , Luo et al. 1997 , Stahl et al. 1996 .
Furthermore, a number of RING-finger proteins are known to be important for intracellular protein transport. They include Vps8p, Vpsl8p, and Pep5p involved in vacuolar protein sorting and Pex2p, PexlOp and Pexl2p required for peroxisomal protein import. Interestingly, all of these molecules are membrane proteins (Horazdovsky et al. 1996 , Erdmann et al. 1997 , Rieder and Emr 1997 . Thus, Rmalp may well have a function in protein trafficking in A. thaliana.
Even if RMA1 plays a role in secretion in A. thaliana, how can it suppress the defect of sec!5 in yeast in which no true counterpart of RMA1 exists? There are some precedent reports of such genetic interaction between seeminglyunrelated genes of different species. The most relevant case may be that the expression of mammalian synaptotagmin II partially rescues the growth defect of secl5 (Darner and Creutz 1996) . Synaptotagmin is a membrane protein which is essential for Ca 2+ -regulated synaptic vesicle fusion (Siidhof and Rizo 1996) . It has no homologue in yeast. Besides the fact that both synaptotagmin and Secl5p function in exocytosis, the physiological significance of the suppression of seclS by synaptotagmin is supported by the observation that synaptotagmin expressed in yeast cells appears to be localized on secretory vesicles. They may physically encounter in yeast cells. Another intriguing example is that the expression of human GPS1 and GPS2 genes suppresses the growth defect of the yeast gpal mutant (Spain et al. 1996) . The GPA1 gene encodes the a subunit of a yeast trimeric G protein (Miyajima et al. 1987) , which regulates the downstream mitogen-activated protein kinase (MAPK)-cascade for the pheromone response (Herskowitz 1995) . The yeast genome does not have any homologues of GPS1 or GPS2. However, GPS1 and GPS2 were found to suppress a MAPK-mediated signal when overexpressed in mammalian cells, suggesting that they could modulate a signal transduction pathway which may be somehow conserved between mammalian and yeast systems. In the case of RMA1, it is also possible that RMA1 suppresses seel5 via some component(s) conserved between yeast and plant.
Considering the possible relationship between RINGfinger proteins and small GTPases, a candidate as the target of Rmalp in yeast is the Sec4 protein. As mentioned above, the elevation of the gene dosage of SEC4 strongly suppresses the secl5 mutation. The expression of Rmalp in yeast cells may increase or activate Sec4p and thus suppress seclS. We examined the subcellular localization of Rmalp in yeast, but could not observe its clear localization on the secretory vesicles, where Sec4p functions. The mechanism of suppression by Rmalp may be different from the case of synaptotagmin.
A. thaliana has many members of the Rab/Ypt family of GTPases. Among them, the gene which is most similar to SEC4 is ARA3 (Anai et al. 1991) . In A. thaliana, Rmalp could interact with Ara3p and regulate its function. In our preliminary attempt using the yeast two-hybrid method, however, we could not show direct physical interaction between them. Further studies will be necessary to elucidate which molecule is interacting with Rmalp in A. thaliana.
Family of RMA1-Regarding the role of the RING finger motif, we have demonstrated that it is essential for Rmalp to suppress seclS. In plants, five genes including RMA1 have been so far identified to encode RING-finger containing proteins. Other four are COP1, PZF, ATL2, and A-RZF. Coplp, which regulates the photomorphogenesis of A. thaliana (Deng et al. 1992) , and Pzfp, a putative transcription factor of Lotus japonicus (Schauser et al. 1995) , are soluble proteins. /17X2 has been isolated from A. thaliana as the gene whose overexpression is toxic to yeast. It is interesting that Atl2p has a putative transmembrane domain near the N-terminus, but its in vivo function is unknown (Martinez-Garcia et al. 1996) . A-RZFis also an A. thaliana gene, whose expression seems to increase during seed development (Zou and Taylor 1997) . The product of A-RZF is homologous to Rmalp and harbors a membrane anchor at the C-terminus.
RMA1 has close homologues in various species in higher eukaryotes. Four highly-homologous genes were found in the database at the time of preparation of this manuscript. They are from A. thaliana, C. elegans, mouse and human. All of them show remarkable similarity to RMAl for the whole sequence, implying that this family of proteins fulfill very important cellular functions that have been conserved during evolution. All the gene products contain not only the RING finger motif but also the C-terminal membrane-anchoring sequence. Their exact functions, however, are unknown at the moment. The animal homologues were identified by genome projects, whereas the Arabidopsis homologue was registered to the database as a gene preferentially expressed during seed development. While this manuscript was in preparation, the cloning and characterization of this Arabidopsis homologue was published with the gene name of A-RZF (Zou and Taylor 1997) . The authors claim the possibility that its product may play a role in gene expression in the nucleus. However, no direct evidence was provided, and we think it unlikely for the same reasons we mentioned above for Rmalp. If A-RZF performs a similar function to RMA1, its possible role in the secretory processes during seed development will be an interesting question. In fact, seed development is known to be accompanied by active protein transport because many storage proteins are synthesized and transported to the vacuole during seed maturation as carbon and nitrogen sources for later germination (for a review, see Okita and Rogers 1996) .
Role o/RMAl-In order to elucidate the precise roles of this family of proteins, further studies are obviously required. For example, the expression of RMA1 in A. thaliana seems to be ubiquitous and high in suspension-cultured cells as shown by the Northern blotting experiment. This result is consistent with the presumed function of Rmalp because suspension-cultured cells are active in secretion to ensure rapid cell-division and elongation. However, more detailed analysis such as in situ hybridization remains to be done to discuss its differential expression at cellular levels. To understand the in vivo function of RMAl, and to examine its role in protein secretion, a variety of approaches should be taken. The expression of the antisense RNA would be a useful strategy. It is interesting that the overexpression of a truncated form of Coplp, which contains the RING finger motif but lacks the C-terminal region, gives a dominant negative effect to A.thaliana (McNellis et al. 1996) , probably because it competes for normal target molecules with the wild-type Coplp. The overexpression of similar truncated forms of RMAl in A. thaliana may be a quite powerful approach as well and is now underway.
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